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VlbMtton-rotation  spectra  of  the  Jn  =  2  sequence  of  the  nitric  oxide  formed  by  the  chemiluminescent 
reaction  N|‘5)  +  O,  -NO^.V  !//)  +  O  have  been  obtained  with  a  spectral  resolution  of  15  cm  Emission 
bands  due  to  N.O  were  observed  to  occur  in  the  same  spectral  region  as  the  first  overtone  of  NO  These  were 
experimentally  eliminated  and  the  resulting  NO  spectra  were  used  to  derive  rate  constants  for  formation  of 
NO  in  vibrational  levels  v  =  2  through  t>  -  7.  In  units  of  10  "  cm  /sec.  these  room  temperature  rate 
constants  are.  respectively.  55  ±14,  57  ±9,  33  ±  3,  24  ±4,  7  ±2,  and  5  a  2.  Of  all  the  nitric  oxide  molecules 
formed  in  the  reaction,  only  18%  are  formed  in  levels  i>  >2.  In  terms  of  energy,  of  the  1.39  eV  exothermicity 
of  the  reaction,  about  10%  goes  into  vibrational  energy  in  levels  p  >  2. 


I.  INTRODUCTION 

The  reaction  of  ground  slate  nitrogen  atoms  with  oxy¬ 
gen  molecules  leading  to  formation  of  nitric  oxide  is  of 
considerable  interest  in  interpretation  of  auroral  phe¬ 
nomena  and  more  generally  in  determination  of  the  de¬ 
gree  of  excitation  of  the  product  NO  molecules.  Infrared 
emission  measurements  are  often  useful  in  studying 
vibrationally  excited  products  in  chemiluminescent  re¬ 
actions.  The  technique  was  employed  in  this  laboratory 
to  study  M4S)  +  O^  —  NO?+  0(1  indicates  vibrational  ex¬ 
citation)  under  low  spectral  resolution.1  In  that  experi¬ 
ment.  it  was  shown  that  the  reaction  was  chentilumi- 
escent  and  from  the  envelope  of  the  spectrally  unre  - 
solved  first  overtone  vibration-rotation  bands  of  NO. 
some  information  regarding  the  excited  state  yield  of 
the  reaction  was  deduced.  Subsequently,  a  photon  ef¬ 
ficiency  figure  for  the  reaction  was  reported.2  In  the 
analysis  of  the  results  of  that  investigation,  the  only 
loss  mechanism  for  the  NO  molecules  was  assumed  to 
be  the  very  fast  reaction  N  •  NO-  N2  +  O.  Estimates  for 
the  quenching  rate  of  NO4  by  t \  indicated  this  loss  mech¬ 
anism  to  be  unimportant.  It  vas  also  shown  that  in  the 
pressure  region  employed,  no  redistribution  among  the 
vibrational  levels  oc>  uri  <v.  v-her  as  the  NO  rotational 
distribution  quickly  attained  eqirlibr’UM  with  the  gas 
mixture.  The  NO  overtone  b  old  shapes-  could  be  de¬ 
scribed  by  independent  vibrational  and  rotational  tem¬ 
perature.  Due  to  lack  of  resolution,  unknown  spectral 
features  could  not  be  distinguished  and  a  molecular  band 
at  ~  2.25  pm  could  not  be  identified  for  the  same  reason. 
Since  these  early  results,  quenching  of  NO4  by  Ofe  has 
been  studied  and  measured  by  Murphy  cl  al .  and  is 
shown  to  be  significant. 3  Whitson  el  rtf. 4  have  also  mea¬ 
sured  the  quenching  of  NO*  by  O^  and  report  rates  for 
r  =  2  through  7.  In  addition,  they  have  reported  an  in¬ 
itial  vibrational  distribution  for  NO4  from  N+  Q  reac¬ 
tion  using  a  slightly  resolved  experimental  spectra  of 
the  NO  overtone  band. 

More  recently,  the  reaction  of  Nf2/})  with  02  was  stud¬ 
ied  by  Kennealy  cl  til.5  in  a  cold  environment  to  suppress 
the  N(Vs)  tOj  reaction  whose  rate  constant  exhibits  a 
very  large  temperature  dependence.  Consequently,  no 
information  on  the  latter  reaction  was  obtained,  but  val¬ 
ues  for  the  partial  rate  constants  for  the  N^D)  reaction 
were  reported. 


To  refine  and  augment  the  previous  results  obtained 
oti  N  +02  reactions,  the  present  interferometricstudy 
was  undertaken  to  obtain  resolved  spectra  of  the  NO 
first  overtone,  to  identify  the  unknown  molecular  band 
referred  to  above,  to  ascertain  that  the  NO  emission 
bands  were  free  from  other  molecular  emissions,  and 
finally  to  derive  a  set  of  detailed  rale  constants  for  for¬ 
mation  of  NO  in  level  r,  taking  into  account  the  quench¬ 
ing  of  vibrationally  excited  NO  by  02. 

Section  11  describes  the  experimental  procedures  and 
results.  Section  111  is  a  discussion  of  these  results  and 
conclusions  drawn  from  the  experiment. 

II.  EXPERIMENTAL 

A  schematic  of  the  experimental  apparatus  is  shown 
in  Fig.  1,  which  is  essentially  identical  to  that  used  it: 
Ref.  1  with  the  exception  that  the  circular  variable  filter 
was  replaced  by  a  Miehelson  interferometer-spectrom¬ 
eter  for  the  purpose  of  obtaining  the  vibrational  struc¬ 
ture  of  the  NO  first  overtone  bands.  Nitrogen  atoms 
produced  in  the  microwave  cavity  flow  into  the  reaction 
vessel  which  is  a  2  f  gold-coated  integrating  sphere 
with  ports  for  pumping,  gas  admission,  and  pressure 
measurements.  To  increase  the  efficiency,  the  sphere 
was  cleaned  and  freshly  gold  coated  for  this  experiment. 
The  nitrogen  atom  density  as  measured  by  the  NO  titra¬ 
tion  method  was  generally  found  to  be  approximately  7 
x  1013  cm"3.  Background  molecular  nitrogen  pressure 
in  Ihe  sphere  was  usually  250  mTorr.  The  oxygen  pres¬ 
sure  was  varied  over  the  range  of  200  to  600  mTorr. 
Below  this  pressure,  the  signal  to  noise  ratio  was  too 
low  for  meaningful  measurements. 

The  interferometer  was  equipped  with  1  in.  optics  and 
had  a  1  cm  maximum  optical  path  difference  as  the  con¬ 
tinuously  driven  moveable  mirror  travelled  between  ex¬ 
treme  positions.  The  central  fringe  was  imaged  by  a 
/71.0  silicon  lens  onto  a  2x2  mm  lead  sulfide  detector 
cooled  to  193  K.  The  interferogram  was  digitized  at 
successive  intervals  determined  from  the  zero  cross¬ 
ings  of  a  6328  A  He-Ne  reference  laser.  Spectra  were 
recovered  by  taking  the  Fourier  transform  of  digitized 
interferogram s.  The  instrument  function  was  measured 
by  observing  the  4852.2  cm'1  helium  line.  Spectral  re- 


J.  Ghee,  Phys.  74(9),  1  May  1981 


0021  9606-8 1  095 143  06S01.00 


O  1981  American  Institute  of  Physics 


5143 


5i*;4 


A.  Rahbee  and  J.  J.  Gibson:  Reaction  N(*S)  +  02  -+N0*  +0 


sponse  was  determined  by  calibration  with  a  standard 
1000  °C  blackbody. 

Several  preliminary  experimental  runs  to  obtain  re¬ 
solved  spectra  of  the  first  overtone  of  NO  were  made 
with  the  Oz  pressure  fixed  at  500  mTorr.  A  typical 
spectrum  is  shown  in  Fig.  2.  Additional  measure¬ 
ments  over  the  oxygen  pressure  range  of  200-d00 
mTorr  produced  spectra  similar  to  the  one  shown. 

The  appearance  of  the  spectra  in  the  3100-3500  cm"1 
region  was  persistently  repeatable.  Existence  of 
these  emission  bands  would  indicate  populating  NO  vi¬ 
brational  levels  higher  than  allowed  by  1. 39  eV  exotherm- 
icity  of  the  reaction  N(4S)+02-N0f  +0.  Thus,  the  con¬ 
clusion  is  that  the  bands  in  the  3100-3500  cm'1  region 
are  due  to  species  other  than  NO.  This  is  supported  by 
the  observation  of  the  band  at  4450  cm'1  which  is  highly 
pronounced  and  is  identified  as  the  00°2-00°0  transition 
of  the  electronic  ground  state  of  NzO.  This  is  the  band 
observed  at  2.25  pm  in  the  low  resolution  experiment.1 
The  e3  mode  of  NzO  which  occurs  at  2225  cm"1  can  also 
be  discerned  in  Fig.  2  although  the  detector  sensitivity 
in  this  region  has  fallen  off  considerably.  The  other 
two  infrared  fundamental  modes  at  1277  and  589  cm"1 
(ui  and  p2,  respectively)  are  entirely  out  of  the  spec¬ 
tral  range  of  the  detector.  Nevertheless,  other  N20 
combination  bands  can  overlap  the  NO  first  overtone 
range.  In  particular,  bands  at  3365  and  3481  cm'1. 
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FIG.  3.  NjO  spectrum  obtained  in  vibrational  exchange  between 
pure  NjO  and  Nj. 


both  being  transitions  to  the  (00°0)  state  of  N20,  would 
be  expected  to  make  radiative  contributions  and  their 
existence  is  suggested  in  the  spectrum  shown  in  Fig.  2. 

If  NaO  is  either  formed  chemically  or  exists  in  the 
chamber  as  trace  impurity,  the  existence  of  copious 
amounts  of  vibrationally  excited  nitrogen  (N2)  in  the  re¬ 
action  cell  suggests  a  possible  source  for  the  N20  vi¬ 
brational  energy  since  NzO  undergoes  rapid  vibrational 
exchange  with  N2  as  shown  in  other  investigations.6,1 

Figure  3  shows  an  N20  infrared  spectrum  obtained  in 
vibrational  exchange  with  N2.  The  spectrum  was  ob¬ 
tained  by  adding  -  2  mTorr  of  N20  to  discharged  nitro¬ 
gen.  All  the  spectral  features  are  attributable  to  NzO. 
Comparison  of  Fig.  2  and  3  provides  strong  evidence  that 
vibrational  exchange  between  Nj  and  N20  also  occurs  in 
the  N(4S)  +02  ~  NO  +  0  experiment  of  Fig.  2. 

The  bands  at  2225  and  4445  cm'1,  which  were  referred 
to  above,  are  the  e3  and  2p3  modes  of  NzO,  respectively. 
The  former  is  in  close  energy  resonance  (AE  =  107  cm'1) 
with  N2  (r  =  1)  and  the  latter  {AE  =  210  cm'1)  is  attributed 
to  either  direct  exchange  with  N2  (r  =2)  or  further  ex¬ 
change  between  N20  (00°1)  and  N2  (r  =  l)  resulting  in 
N20  (00°2).  Tentative  identification  of  some  of  the  other 
observed  bands  include  the  combination  bands  (e,  +  p3) 
at  3480  cm'1  and  (2e2  +  p3)  at  3365  cm'1.  The  two  bands 
at  about  3260  and  3150  cm'1  could  be  2(p3  -  p2)  and 
(2i/3  -  p i),  respectively,  and  the  band  at  2800  cm'1  is 
(p2  +  p3). 

Precautions  were  taken  to  assure  that  none  of  the  gas 
supplies  contained  NzO.  Trapping  at  77  K  of  the  high 
purity  research  grade  gases  over  prolonged  periods  pro¬ 
duced  no  reduction  in  NzO  emissions.  Spectra  of  dis¬ 
charged  nitrogen  were  also  obtained  and  no  NzO  bands 
were  observed,  indicating  it  was  not  present  or  formed 
in  the  discharge  flow  system.  All  evidence  points  to 
chemical  formation  of  NzO  when  02  and  active  nitrogen 
are  mixed. 

Since  vibrationally  excited  nitrogen  (N2)  is  the  source 
of  NzO  vibrational  energy,  quenching  of  the  Nj  indeed 
eliminated  all  NzO  signals.  This  quenching  was  accom¬ 
plished  by  insertion  of  sufficient  amounts  of  Pyrex  wool 
in  the  discharge  prior  to  gas  flow  entrance  into  the  reac¬ 
tion  cell.  This  procedure  is  known  to  quench  the  vibra¬ 
tionally  excited  N2  with  some  reduction  of  N  density.* 
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sponse  was  determined  by  calibration  with  a  standard 
1000  °C  blackbody. 
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solved  spectra  of  the  first  overtone  of  NO  were  made 
with  the  Oz  pressure  fixed  at  500  mTorr.  A  typical 
spectrum  is  shown  in  Fig.  2.  Additional  measure¬ 
ments  over  the  oxygen  pressure  range  of  200-d00 
mTorr  produced  spectra  similar  to  the  one  shown. 

The  appearance  of  the  spectra  in  the  3100-3500  cm"1 
region  was  persistently  repeatable.  Existence  of 
these  emission  bands  would  indicate  populating  NO  vi¬ 
brational  levels  higher  than  allowed  by  1. 39  eV  exotherm- 
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are  due  to  species  other  than  NO.  This  is  supported  by 
the  observation  of  the  band  at  4450  cm'1  which  is  highly 
pronounced  and  is  identified  as  the  00°2-00°0  transition 
of  the  electronic  ground  state  of  NzO.  This  is  the  band 
observed  at  2.25  pm  in  the  low  resolution  experiment.1 
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FIG.  3.  NjO  spectrum  obtained  in  vibrational  exchange  between 
pure  NjO  and  Nj. 
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existence  is  suggested  in  the  spectrum  shown  in  Fig.  2. 
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chamber  as  trace  impurity,  the  existence  of  copious 
amounts  of  vibrationally  excited  nitrogen  (N2)  in  the  re¬ 
action  cell  suggests  a  possible  source  for  the  N20  vi¬ 
brational  energy  since  NzO  undergoes  rapid  vibrational 
exchange  with  N2  as  shown  in  other  investigations.6,1 

Figure  3  shows  an  N20  infrared  spectrum  obtained  in 
vibrational  exchange  with  N2.  The  spectrum  was  ob¬ 
tained  by  adding  -  2  mTorr  of  N20  to  discharged  nitro¬ 
gen.  All  the  spectral  features  are  attributable  to  NzO. 
Comparison  of  Fig.  2  and  3  provides  strong  evidence  that 
vibrational  exchange  between  Nj  and  N20  also  occurs  in 
the  N(4S)  +02  ~  NO  +  0  experiment  of  Fig.  2. 

The  bands  at  2225  and  4445  cm'1,  which  were  referred 
to  above,  are  the  e3  and  2p3  modes  of  NzO,  respectively. 
The  former  is  in  close  energy  resonance  (AE  =  107  cm'1) 
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(2i/3  -  p i),  respectively,  and  the  band  at  2800  cm'1  is 
(p2  +  p3). 

Precautions  were  taken  to  assure  that  none  of  the  gas 
supplies  contained  NzO.  Trapping  at  77  K  of  the  high 
purity  research  grade  gases  over  prolonged  periods  pro¬ 
duced  no  reduction  in  NzO  emissions.  Spectra  of  dis¬ 
charged  nitrogen  were  also  obtained  and  no  NzO  bands 
were  observed,  indicating  it  was  not  present  or  formed 
in  the  discharge  flow  system.  All  evidence  points  to 
chemical  formation  of  NzO  when  02  and  active  nitrogen 
are  mixed. 
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of  NzO  vibrational  energy,  quenching  of  the  Nj  indeed 
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plished  by  insertion  of  sufficient  amounts  of  Pyrex  wool 
in  the  discharge  prior  to  gas  flow  entrance  into  the  reac¬ 
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F  1C, .  4.  NO  first  overtone  spectrum  obtained  at  O;  pressure 
of  500  mTorr.  The  dashed  curve  is  calculated  for  best  fit  to 
the  experimental  result  (solid  curve). 


Figure  4  shows  the  overtone  band  of  NO  obtained  after 
elimination  of  N20  emission  bands  in  the  manner  just 
described.  Although  only  the  limited  spectral  range  of 
NO  overtone  is  shown  in  this  figure,  the  NaO  bands  out¬ 
side  this  spectral  range  were  also  absent.  The  spec¬ 
trum  which  is  corrected  for  the  spectral  response  of 
the  optical  system  is  a  sample  of  results  obtained  over 
the  02  pressure  range  of  200  to  600  mforr  and  forms 
the  basis  of  the  analysis  of  results  in  the  next  section. 

NjO  emission  occurring  in  the  overtone  region  of  NO 
was  undetectable  in  the  low  resolution  experiment  due 
to  the  smoothing  effect  of  the  scanning  function  of  the 
circular  variable  filter  employed  in  the  experiment.1 
As  a  result,  the  value  of  NO  overtone  photons  per  02 
molecules  reported  to  be  1.5<  10'6  in  Ref.  1  has  to  be 
corrected  for  contribution  due  to  N,0  emission.  The 
method  used  was  to  obtain  the  spectra  with  and  without 
Pyrex  wool  in  the  discharge  side  of  the  reaction  cell. 
Comparison  of  the  two  areas  under  the  two  spectra  then 
furnished  the  relative  magnitude  of  the  N2U  and  NO 
emissions.  We  found  that  nearly  1/3  of  the  signal  ob¬ 
served  was  due  to  N20.  This  ratio  was  nearly  the  same 
over  the  02  pressure  range  used.  Thus,  the  rate  of  pho¬ 
ton  production  per  O,  molecule  is  revised  down  to  10'° 
from  its  reported  value.1  This  quantity  will  be  used  in 
the  next  section  to  derive  NO(c)  number  densities. 

An  estimate  of  the  density  for  NzO  can  also  be  obtained 
from  the  relative  magnitude  of  the  4450  cm'1  band  of 
N20  in  Figs.  2  and  3.  This  indicated  a  density  of  5x  109 
cm'3  for  N20  at  an  Os  pressure  of  500  mTorr.  This  is 
only  meant  as  an  estimate  since  the  finite  pressure  of 
oxygen  molecules  at  the  experimental  conditions  under 
which  Fig.  2  was  obtained  may  modify  the  nitrogen  vi¬ 
brational  distribution.  A  possible  mechanism  for  NzO 
formation  will  be  considered  later  in  this  paper.  The 
fact  that  no  N20  emission  was  seen  after  elimination  of 
N2  from  the  discharge  indicates  that  the  vibrationally  ex¬ 
cited  N2  from  N  +NO— N2  iO  is  not  produced  at  sufficient 
quantities  to  contaminate  the  NO  spectra. 

III.  RESULTS  AND  DISCUSSION 

To  obtain  the  observed  distribution  from  the  experi¬ 
mental  spectra  (solid  curve  in  Fig.  4)  the  procedure 


was  to  simulate  the  NO  observed  spectrum,  in  a  manner 
similar  to  the  method  used  by  Kennealy  et  al.*  At  each 
02  pressure,  the  observed  spectrum  was  simulated 
through  a  computer  program  that  involved  calculation 
of  line  positions  and  intensities  for  each  vibration-ro¬ 
tation  band  from  r  =  2  through  r  =  7,  and  convolution  of 
each  band  with  the  experimentally  determined  scanning 
function  of  the  interferometer.  The  relative  intensities 
of  the  NO  vibration -rotation  bands  were  fit  to  give  the 
best  match  to  the  observed  spectrum  by  multiple  linear 
regression  analysis.  This  simulated  spectrum  is  shown 
as  the  dashed  curve  in  Fig.  4  and  is  the  calculated  spec¬ 
trum  for  the  observed  one  shown  in  that  figure. 

The  total  photon  emission  rate  of  NT®  per  s  per  Oz 
molecule1  and  a  set  of  Einstein  transition  probabilities 
calculated  by  Billingsley9  were  used  to  convert  the  rela¬ 
tive  observed  distribution  into  NO  number  densities. 

The  results  for  the  entire  set  of  experimental  spectra 
are  shown  in  Table  1.  Extensive  calculation  of  the  error 
in  these  number  densities  has  shown  that  the  experimental 
error  of  30°i  in  photon  measurements  is  the  dominant  fac  - 
tor  and  is  propagated  through  to  the  number  densities  in 
Table  1. 

The  reaction  N (4.S)  *02-NO(r  )  *0,  based  upon  exo- 
thermicily  arguments,  can  only  populate  up  to  and  in¬ 
cluding  level  i  6  of  the  product  NO.  Formation  of  NO 
in  the  t  7  level  is  due  to  available  kinetic  energy  in  the 
relative  energy  distribution  of  the  reactants  beyond  the 
activation  energy.  Our  calculations  show  that  this  ener¬ 
gy  is  sufficient  to  make  the  t  7  level  accessible  to  the 
product  NO  molecule. 

Derivation  of  the  partial  rate  constants  from  densities 
shown  in  Table  1  is  made  complicated  by  the  fact  that  the 
nitrogen  atom  density  in  the  sphere  does  not  remain  con¬ 
stant  and  varies  over  the  residence  time  in  the  sphere 
of  0.5  s.  Consequently.  NO  densities  vary  as  functions 
of  time.  Thus,  the  observed  densities  in  Table  I  are 
values  time  averaged  over  the  residence  time  in  the  re¬ 
action  cell  and  further  analysis  of  the  results  requires 
knowledge  of  this  variation  for  each  level  r.  To  do  this, 
the  important  reactions  influencing  NO  density  have  to 
be  determined. 

Kinetic  mechanisms  of  importance  in  this  experi¬ 
ment  are 


TAUI.K  I.  Observed  NO  densities”  lor  r-g  through  7. 
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F  1C, .  4.  NO  first  overtone  spectrum  obtained  at  O;  pressure 
of  500  mTorr.  The  dashed  curve  is  calculated  for  best  fit  to 
the  experimental  result  (solid  curve). 


Figure  4  shows  the  overtone  band  of  NO  obtained  after 
elimination  of  N20  emission  bands  in  the  manner  just 
described.  Although  only  the  limited  spectral  range  of 
NO  overtone  is  shown  in  this  figure,  the  NaO  bands  out¬ 
side  this  spectral  range  were  also  absent.  The  spec¬ 
trum  which  is  corrected  for  the  spectral  response  of 
the  optical  system  is  a  sample  of  results  obtained  over 
the  02  pressure  range  of  200  to  600  mforr  and  forms 
the  basis  of  the  analysis  of  results  in  the  next  section. 

NjO  emission  occurring  in  the  overtone  region  of  NO 
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to  the  smoothing  effect  of  the  scanning  function  of  the 
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An  estimate  of  the  density  for  NzO  can  also  be  obtained 
from  the  relative  magnitude  of  the  4450  cm'1  band  of 
N20  in  Figs.  2  and  3.  This  indicated  a  density  of  5x  109 
cm'3  for  N20  at  an  Os  pressure  of  500  mTorr.  This  is 
only  meant  as  an  estimate  since  the  finite  pressure  of 
oxygen  molecules  at  the  experimental  conditions  under 
which  Fig.  2  was  obtained  may  modify  the  nitrogen  vi¬ 
brational  distribution.  A  possible  mechanism  for  NzO 
formation  will  be  considered  later  in  this  paper.  The 
fact  that  no  N20  emission  was  seen  after  elimination  of 
N2  from  the  discharge  indicates  that  the  vibrationally  ex¬ 
cited  N2  from  N  +NO— N2  iO  is  not  produced  at  sufficient 
quantities  to  contaminate  the  NO  spectra. 

III.  RESULTS  AND  DISCUSSION 

To  obtain  the  observed  distribution  from  the  experi¬ 
mental  spectra  (solid  curve  in  Fig.  4)  the  procedure 


was  to  simulate  the  NO  observed  spectrum,  in  a  manner 
similar  to  the  method  used  by  Kennealy  et  al.*  At  each 
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function  of  the  interferometer.  The  relative  intensities 
of  the  NO  vibration -rotation  bands  were  fit  to  give  the 
best  match  to  the  observed  spectrum  by  multiple  linear 
regression  analysis.  This  simulated  spectrum  is  shown 
as  the  dashed  curve  in  Fig.  4  and  is  the  calculated  spec¬ 
trum  for  the  observed  one  shown  in  that  figure. 

The  total  photon  emission  rate  of  NT®  per  s  per  Oz 
molecule1  and  a  set  of  Einstein  transition  probabilities 
calculated  by  Billingsley9  were  used  to  convert  the  rela¬ 
tive  observed  distribution  into  NO  number  densities. 

The  results  for  the  entire  set  of  experimental  spectra 
are  shown  in  Table  1.  Extensive  calculation  of  the  error 
in  these  number  densities  has  shown  that  the  experimental 
error  of  30°i  in  photon  measurements  is  the  dominant  fac  - 
tor  and  is  propagated  through  to  the  number  densities  in 
Table  1. 

The  reaction  N (4.S)  *02-NO(r  )  *0,  based  upon  exo- 
thermicily  arguments,  can  only  populate  up  to  and  in¬ 
cluding  level  i  6  of  the  product  NO.  Formation  of  NO 
in  the  t  7  level  is  due  to  available  kinetic  energy  in  the 
relative  energy  distribution  of  the  reactants  beyond  the 
activation  energy.  Our  calculations  show  that  this  ener¬ 
gy  is  sufficient  to  make  the  t  7  level  accessible  to  the 
product  NO  molecule. 

Derivation  of  the  partial  rate  constants  from  densities 
shown  in  Table  1  is  made  complicated  by  the  fact  that  the 
nitrogen  atom  density  in  the  sphere  does  not  remain  con¬ 
stant  and  varies  over  the  residence  time  in  the  sphere 
of  0.5  s.  Consequently.  NO  densities  vary  as  functions 
of  time.  Thus,  the  observed  densities  in  Table  I  are 
values  time  averaged  over  the  residence  time  in  the  re¬ 
action  cell  and  further  analysis  of  the  results  requires 
knowledge  of  this  variation  for  each  level  r.  To  do  this, 
the  important  reactions  influencing  NO  density  have  to 
be  determined. 

Kinetic  mechanisms  of  importance  in  this  experi¬ 
ment  are 
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>2  pressure 
(mTorr) 

NO  (»•> 

v  =  'i 

r  -  0 

r  «  4 

v  5 

V  =  o 

v  =  7 

200® 

1.  15 

i .  o;i 

0.  05 

0.  -10 

0. 1 2 

0.  05 

2506 

1.30 

1.  10 

0.75 

0.39 

0.18 

0.05 

300® 

1.08 

1.0*4 

0.02 

0.  52 

0.  15 

0.07 

40(1® 

2.:m 

2.  05 

1.08 

0.  03 

0.22 

0.09 

440® 

2.  82 

2.51 

1.25 

o.os 

0.  19 

0.09 

510® 

3.27 

2.85 

1.48 

0.70 

0.25 

0.11 

oooc 

:t.  in 

2.8-1 

1 . 73 

0.  97 

0.27 

0.  10 

“Densities  in  powers  of  10*  molecules  cm"’. 
bl)ensities  are  averages  of  two  runs. 
“Densities  are  averages  of  five  runs. 


J.  Chem,  Phvs,,  Vol.  74,  No.  9,  1  May  1981 


5146 


A.  Rahbee  and  J.  J.  Gibson:  Reaction  N(4S)  +02  -*N0^  +0 


N(4S)+02-^  NO(r)+0  (1) 

followed  by  the  fast  reaction 

N+NO-^Nj+O.  (2) 

The  rate  constant  for  Reaction  (1)  is  dependent  upon  the 
vibrational  level  of  the  product  NO  molecule  and  is  de¬ 
noted  by  k\(r),  the  detailed  rate  constant.  The  total  rate 
is  A'i,  which  has  a  room  temperature  rate  of  10" 18 
cm’/s. 10 

Reaction  (2),  which  had  an  accepted  rate  constant  of 
2.2x  10*u  cm3/s, 11  has  been  studied  recently  by  Lee 
el  at. , 12  who  report  a  value  of  3.4x  10"“  cm3/s.  Since 
no  concrete  information  concerning  the  dependence  of 
A’2  on  vibrational  level  r  of  the  NO  molecule  is  presently 
available,  in  the  present  analysis  it  is  assumed  to  be 
independent  of  r.  In  view  of  the  large  exothermicity  of 
Reaction  (2)  this  assumption  is  probably  not  drastic.  NO 
density  of  level  t  is  also  dependent  upon  quenching  by 
02: 

NO(r  +  1)  +  02  —  NO(c)  +02  ,  (3) 

NO(r) +02 -  NO(c  -  1) +02  .  (4) 

Reaction  (3)  is  a  production  mechanism  for  NO(i  )  and 
Reaction  (4)  is  a  loss  mechanism  with  quenching  rates 
denoted  by  k, (r  + 1)  and  A’,(r),  respectively.  Values  for 
these  were  taken  from  Refs.  3  and  4,  and  range  from 
2.4x  10‘u  cm3/s  for  v  =2  to  8. 6x  10"u  cm3/s  for  »•  =  3. 
Quenching  of  NO(r)  by  N2  can  be  neglected  since  its  rale 
constant  is  reported  to  be  two  orders  of  magnitude 
smaller  than  that  of  02.3 

Other  reactions  occurring  among  various  atoms  and 
molecules  that  could  affect  the  NO  density  measure¬ 
ments  are  listed  below  along  with  their  room  tempera¬ 
ture  rate  constants: 


O  +NO+M-NO-,  +M  , 

/,’s  =  8x  10"32  cm6/s  , 

(5) 

0+02+M-0j+M  , 

kg  =5.  5x  10"34  cmVs  , 

M=N2  , 
(6) 

O  +  03  —  202  , 

=8. 8x  10" 15  em’/s  , 

(7) 

N  +Oj-NO+02  , 

kt<  5x  10" 19  em’/s  , 

(8) 

NO  +03-N02  +  02  , 

A',  =  1.8x  10'14  cm3/s  , 

(9) 

O  +N02  -  02  +NO  , 

kI0  =9.3x  10"12  em’/s  , 

(10) 

N  +N02-N20+0  , 

ku  =1.4x  10"12  cm3/s  . 

(11) 

The  listed  rates  for  Reactions  (5),  (6),  and  (7)  are  taken 
from  Refs.  13,  14,  and  15,  respectively.  The  quoted 
value  of  the  rate  for  Reaction  (8)  is  an  upper  limit 
placed  upon  the  rate  in  the  recent  experiment  by  Stief 
el  nl.l>  The  rates  of  Reaction  (9)  is  one  recommended 
in  Ref.  17.  Rates  for  Reactions  (10)  and  (11)  are  taken 
from  Refs.  18  and  19,  respectively.  One  point  that 
must  be  emphasized  in  regards  to  Reaction  (11)  is  that 
the  listed  path  going  to  products  N20  and  O  is  the  only 
channel  detected  by  Clyne  and  McDermid, 19  and  is  also 
the  only  reaction  in  this  kinetic  scheme  that  leads  to 
formation  of  N20. 

In  order  to  assess  the  relative  importance  of  Reac¬ 
tions  (5)  through  (11)  and  their  contributions  to  NO 
densities  through  Reactions  (8)  and  (10).  some  estimate 


of  the  densities  of  (N),  (O),  (NO),  etc.  Is  needed.  The  in¬ 
itial  maximum  number  density  of  N  atoms  is  ?xlo,3/cm3 
and  decreases  withtimeat  eachoxygen  pressure  due  to 
chemical  reaction.  Reactions  (1)  and  (2)  are  dominant 
loss  mechanisms  for  nitrogen  atoms  and  the  lifetimes 
of  NO  molecules  against  destruction  by  N  atoms,  given 
by  (A’2N)‘l,  is  less  than  10'3  s  and  thus  NO  will  be  in 
quasi-steady  state  over  the  residence  time  of  0.5  s 
with  its  concentration  given  by  NO  --  U’,/1’2)  02.  Ac¬ 
cordingly,  at  the  highest  oxygen  density  of  about  2x  101*/ 
cm3  the  NO  density  in  the  reaction  cell  will  be  less  than 
10"  'em3.  This  is  a  maximum  value  for  total  NO  density 
Behavior  of  oxygen  atoms  is  governed  by  Reactions  (1), 
(2),  (5)- (7),  and  (10)  and  with  maximum  NO  concentra¬ 
tions  given  above  it  can  be  seen  that  the  dominant  loss 
mechanism  for  O  atoms  is  Reaction  (6)  with  a  time  con¬ 
stant  of  (A-gOjM)'1  which  at  02  pressures  used  is  several 
seconds.  Thus,  O-atom  concentration  will  not  be  in 
steady  state  and  for  times  on  the  order  of  the  residence 
time  will  be  approximately  given  by  2kY  (N)(0 2)/,  vary¬ 
ing  linearly  with  time.  For  residence  time  of  i>.  5  s, 
this  yields  a  value  of  1.4x  1014/cm3  for  O-atom  concen¬ 
tration.  Based  upon  these  values  of  N,  O,  and  NO  con¬ 
centration,  it  can  easily  be  shown  that  both  Reactions 
(8'  and  (9)  can  be  neglected  relative  to  Reaction  (7),  i.e. 
ozone  formed  in  Reaction  (6)  reverts  back  to  Oz  in  re¬ 
combination  with  oxygen  atoms. 

Maximum  03  concentration  itself  can  be  gotten  from 
Reactions  (6)  and  (7)  and  using  maximum  O  concentra¬ 
tion  obtained  above.  This  yields  a  value  of  (Oj)m„ 

=*  1013/cm3.  It  is  now  obvious  that  N  +Oj-  NO  +02  [i.  e. , 
Reaction  (8)]  as  a  source  of  NO  is  totally  negligible  com¬ 
pared  to  Reaction  (1).  Experimental  evidence  in  the 
present  experiment  supporting  this  conclusion  is  the 
the  fact  that  levels  higher  than  v  =7  were  absent  in  the 
NO  spectra,  whereas  Reaction  (8)  with  exothermicity  of 
s4  eV  can  populate  NO  to  levels  approaching  r  =  20.  Of 
the  two  production  mechanisms  for  N02,  it  can  be  easily 
seen  that  Reaction  (5)  dominates  Reactions  (9)  and  (10) 
as  a  destruction  mechanism  for  NOz  dominates  Reaction 
(U).  Calculations  show  that  N02  densities  are  on  the 
order  of  (0.7-l)x  loVcm3  and  thus  Reaction  (10)  as  a 
potential  source  of  NO  is  completely  negligible  relative 
to  Reaction  (1).  Three  body  recombinations  such  as  N 
+  0  +M  -  NO  +M  and  nitrogen  atom  recombination  on 
the  wall  can  also  be  neglected  on  the  time  scales  of  in¬ 
terest.  As  regards  diffusion  effects  on  the  results, 
calculations  using  the  available  diffusion  coefficient  for 
N  in  N220’21  show  that  the  diffusion  depth  at  pressures 
used  in  the  experiment  is  much  longer  than  the  dimen¬ 
sions  of  the  chamber  such  that  complete  homogeneous 
mixing  has  occurred.  The  effect  of  the  walls  on  the  vi- 
brationally  excited  NO  is  difficult  to  assess  but  it  can 
perhaps  be  estimated  as  follows:  The  lifetime  of  an  NO 
molecule  against  destruction  by  nitrogen  atoms  is  less 
than  1  ms  (see  above).  For  this  time  the  diffusion  dis¬ 
tance  at  the  pressures  used  is  on  the  order  of  1  cm. 
Assuming  that  one  half  of  the  vibrationally  excited  NO 
molecules  within  this  distance  to  the  walls  are  deacti¬ 
vated  there,  the  loss  would  amount  to  less  than  5%  and 
will  be  less  if  the  wall  is  not  as  efficient  in  deactivation 
as  assumed. 
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N(4S)+02-^  NO(r)+0  (1) 

followed  by  the  fast  reaction 

N+NO-^Nj+O.  (2) 

The  rate  constant  for  Reaction  (1)  is  dependent  upon  the 
vibrational  level  of  the  product  NO  molecule  and  is  de¬ 
noted  by  k\(r),  the  detailed  rate  constant.  The  total  rate 
is  A'i,  which  has  a  room  temperature  rate  of  10" 18 
cm’/s. 10 

Reaction  (2),  which  had  an  accepted  rate  constant  of 
2.2x  10*u  cm3/s, 11  has  been  studied  recently  by  Lee 
el  at. , 12  who  report  a  value  of  3.4x  10"“  cm3/s.  Since 
no  concrete  information  concerning  the  dependence  of 
A’2  on  vibrational  level  r  of  the  NO  molecule  is  presently 
available,  in  the  present  analysis  it  is  assumed  to  be 
independent  of  r.  In  view  of  the  large  exothermicity  of 
Reaction  (2)  this  assumption  is  probably  not  drastic.  NO 
density  of  level  t  is  also  dependent  upon  quenching  by 
02: 

NO(r  +  1)  +  02  —  NO(c)  +02  ,  (3) 

NO(r) +02 -  NO(c  -  1) +02  .  (4) 

Reaction  (3)  is  a  production  mechanism  for  NO(i  )  and 
Reaction  (4)  is  a  loss  mechanism  with  quenching  rates 
denoted  by  k, (r  + 1)  and  A’,(r),  respectively.  Values  for 
these  were  taken  from  Refs.  3  and  4,  and  range  from 
2.4x  10‘u  cm3/s  for  v  =2  to  8. 6x  10"u  cm3/s  for  »•  =  3. 
Quenching  of  NO(r)  by  N2  can  be  neglected  since  its  rale 
constant  is  reported  to  be  two  orders  of  magnitude 
smaller  than  that  of  02.3 

Other  reactions  occurring  among  various  atoms  and 
molecules  that  could  affect  the  NO  density  measure¬ 
ments  are  listed  below  along  with  their  room  tempera¬ 
ture  rate  constants: 


O  +NO+M-NO-,  +M  , 

/,’s  =  8x  10"32  cm6/s  , 

(5) 

0+02+M-0j+M  , 

kg  =5.  5x  10"34  cmVs  , 

M=N2  , 
(6) 

O  +  03  —  202  , 

=8. 8x  10" 15  em’/s  , 

(7) 

N  +Oj-NO+02  , 

kt<  5x  10" 19  em’/s  , 

(8) 

NO  +03-N02  +  02  , 

A',  =  1.8x  10'14  cm3/s  , 

(9) 

O  +N02  -  02  +NO  , 

kI0  =9.3x  10"12  em’/s  , 

(10) 

N  +N02-N20+0  , 

ku  =1.4x  10"12  cm3/s  . 

(11) 

The  listed  rates  for  Reactions  (5),  (6),  and  (7)  are  taken 
from  Refs.  13,  14,  and  15,  respectively.  The  quoted 
value  of  the  rate  for  Reaction  (8)  is  an  upper  limit 
placed  upon  the  rate  in  the  recent  experiment  by  Stief 
el  nl.l>  The  rates  of  Reaction  (9)  is  one  recommended 
in  Ref.  17.  Rates  for  Reactions  (10)  and  (11)  are  taken 
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In  order  to  assess  the  relative  importance  of  Reac¬ 
tions  (5)  through  (11)  and  their  contributions  to  NO 
densities  through  Reactions  (8)  and  (10).  some  estimate 


of  the  densities  of  (N),  (O),  (NO),  etc.  Is  needed.  The  in¬ 
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Behavior  of  oxygen  atoms  is  governed  by  Reactions  (1), 
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Reactions  (6)  and  (7)  and  using  maximum  O  concentra¬ 
tion  obtained  above.  This  yields  a  value  of  (Oj)m„ 

=*  1013/cm3.  It  is  now  obvious  that  N  +Oj-  NO  +02  [i.  e. , 
Reaction  (8)]  as  a  source  of  NO  is  totally  negligible  com¬ 
pared  to  Reaction  (1).  Experimental  evidence  in  the 
present  experiment  supporting  this  conclusion  is  the 
the  fact  that  levels  higher  than  v  =7  were  absent  in  the 
NO  spectra,  whereas  Reaction  (8)  with  exothermicity  of 
s4  eV  can  populate  NO  to  levels  approaching  r  =  20.  Of 
the  two  production  mechanisms  for  N02,  it  can  be  easily 
seen  that  Reaction  (5)  dominates  Reactions  (9)  and  (10) 
as  a  destruction  mechanism  for  NOz  dominates  Reaction 
(U).  Calculations  show  that  N02  densities  are  on  the 
order  of  (0.7-l)x  loVcm3  and  thus  Reaction  (10)  as  a 
potential  source  of  NO  is  completely  negligible  relative 
to  Reaction  (1).  Three  body  recombinations  such  as  N 
+  0  +M  -  NO  +M  and  nitrogen  atom  recombination  on 
the  wall  can  also  be  neglected  on  the  time  scales  of  in¬ 
terest.  As  regards  diffusion  effects  on  the  results, 
calculations  using  the  available  diffusion  coefficient  for 
N  in  N220’21  show  that  the  diffusion  depth  at  pressures 
used  in  the  experiment  is  much  longer  than  the  dimen¬ 
sions  of  the  chamber  such  that  complete  homogeneous 
mixing  has  occurred.  The  effect  of  the  walls  on  the  vi- 
brationally  excited  NO  is  difficult  to  assess  but  it  can 
perhaps  be  estimated  as  follows:  The  lifetime  of  an  NO 
molecule  against  destruction  by  nitrogen  atoms  is  less 
than  1  ms  (see  above).  For  this  time  the  diffusion  dis¬ 
tance  at  the  pressures  used  is  on  the  order  of  1  cm. 
Assuming  that  one  half  of  the  vibrationally  excited  NO 
molecules  within  this  distance  to  the  walls  are  deacti¬ 
vated  there,  the  loss  would  amount  to  less  than  5%  and 
will  be  less  if  the  wall  is  not  as  efficient  in  deactivation 
as  assumed. 
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The  major  conclusion  of  the  above  arguments  is  that 
the  only  reactions  that  have  to  be  taken  into  considera¬ 
tion  in  the  analysis  of  the  data  of  Table  I  are  Reactions 
(1)  through  (4).  The  effect  of  not  taking  into  account  the 
quenching  Reactions  (3)  and  (4)  will  be  discussed  below. 
The  rate  of  change  of  NO  density  in  vibrational  level  r 
is  thus  given  by 

-*2(N)(NO)„ 

+  A’U* 1  (02 ) (NO ,  - f'J, (02 )  (NO  )„  .  (12) 

There  are  six  such  rate  equations,  one  governing  the 
density  in  each  level  r.  Ni'rogen  atom  density  (N)  itself 
is  time  dependent  as  mentioned  above.  The  rate  equa¬ 
tion  governing  (N)  can  be  evaluated  from  Reactions  (1) 
and  (2).  The  computer  program  developed  for  solution 
of  Eq.  (12)  first  solves  for  this  time  dependence  of  N 
density  and  ther.  utilizes  the  Runge-Kutta  method  of  or¬ 
der  4  for  solving  simultaneous  differential  equations.22 
This  method,  which  is  essentially  an  iterative  technique, 
requires  (a)  a  starting  set  of  values  for  k\’ s,  and  (b)  ini¬ 
tial  values  for  NO  concentrations.  For  the  starting  val¬ 
ues  of  the  rate  constants  we  chose  the  solutions  of  Eq. 
(12)  assuming  steady  state  and  neglecting  the  02  quench¬ 
ing  terms.  The  in.t  al  (NO)„  concentrations  are,  of 
course,  all  equal  to  zero.  The  computer  program  then 
using  these  values  calculates  the  time  history  of  NO  for 
each  level  ;  and  each  oxygen  pressure  employed.  It  then 
calculates  the  time  average  for  each  (N0)„  over  resi¬ 
dence  time  of  0.5  s  for  comparison  with  the  experimen¬ 
tally  obtained  values  listed  in  Table  I. 

Several  other  quantities  in  Eq.  (12),  such  as  [rf(NO)„ 
ill ],  N,  and  (N)(NO)„,  are  also  calculated,  time  aver¬ 
aged,  and  tabulated.  If  the  calculated  time  average  of 
each  (NO)„  did  not  agree  with  experimental  vaiuos,  the 
procedure  was  repeated  with  a  new  set  ol  k\  obtained 
from  Lq.  (12)  by  insertion  of  the  time  averaged  quan¬ 
tities  (r/^/.'H NO)„,  (N),  and  (N)(NO)„  and  experimental 
values  of  Table  I  into  Eq.  (12).  With  this  new  set  of 
k\  the  procedure  was  iterated  and  it  geae rally  took  20 
to  25  iterations  before  convergence  was  obtained,  and 
final  rates  arrived  at.  These  final  values  for  vibra¬ 
tional  rate  constants  are  shown  in  Table  II  and  Fig.  5 
shows  the  time  variation  of  NO  vibrational  densities  at 
02  pressure  of  500  mTorr  using  rates  shown  in  Table 


TABLE  II.  Partial  rat.  con¬ 
stants  for  formation  of  vi- 
brationally  excited  NO  in 
the  Nt’S)  tO,-NO*  -  ( i  re¬ 
action. 
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FIG.  5.  Time  variation  of  NO  concentrations  for  the  observed 
levels  v  =  2  through  7  and  using  the  measured  values  ol  fe, 
shown  in  Tajle  II. 


II.  The  initial  rise  of  this  curve  from  zero,  which  is 
primarily  determined  by  the  time  constant  (A’2N)_I 
(^  10'3  s),  is  not  shown  in  Fig.  5  for  clarity.  The  un¬ 
certainties  in  the  rate  constants  shown  in  Table  II  are 
the  results  of  propagation  of  error  calculations  and  in¬ 
clude  uncertainties  in  band  intensity  determination  and 
photon  emission  rates.  The  large  errors  in  the  rate  for 
levels  2  and  3  are  probably  due  to  absorption  by  water 
vapor  in  the  optical  path  of  the  interferometer.  Levels 

6  and  7  often  had  poor  S/N  ratios  especially  at  low  02 
pressure  and  consequently  show  large  uncertainties  in 
their  rates.  The  sum  of  the  rates  in  Table  II  is  0. 18 
x  10" 16  em’/s,  which  compared  to  the  total  rate  of  for¬ 
mation  of  NO  of  10"16  cm3/s  shows  that  only  18%  of  all 
NO  product  molecules  are  initially  formed  in  levels 
r~-  2  while  the  remainder  of  the  82%  is  shared  in  levels 

7  =0  and  1.  The  sum  of  the  rates  for  these  two  levels 
is  0.82x  10'1S  cmVs  and  at  the  present  time  there  is 
nothing  in  the  experiment  to  point  to  individual  rates  for 
levels  7  =0  ant.  1 .  Considering  the  observed  levels  7 

2  to  7.  from  the  point  of  view  of  energy,  of  the  1.39  eV 
exothermicity  of  the  N  +02-NO  -*0  reaction,  only  about 
0. 14  eV  it  10%  shows  up  in  vibrational  energy  levels  r 
■  2.  The  overall  result  then  is  that  the  reaction  does 
not  populate  the  higher  vibrational  levels  of  the  product 
NO  molecule  effectively. 

This  general  result  has  been  independently  confirmed 
by  Whitson  cl  til.*  in  their  experiment  which  measured 
only  relative  values  for  initial  vibrational  distribution. 
Their  results  basically  exhibit  the  same  value  for  the 
firs'  four  observed  levels  wnerras  the  present  resuli.s, 
except  for  i  2.  monotonically  dcscrease  as  a  function 
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of  vibrational  level  r.  The  derived  values  of  the  vibra¬ 
tional  rate  constants  remain  the  same  to  within  a  few 
percent  when  the  initial  number  density  of  nitrogen  atoms 
,V„  is  allowed  to  vary  in  the  computational  program  by 
as  much  as  ±50‘b.  This  is  gratifying  and  shows  that  er¬ 
rors  in  determining  by  titration  have  no  effects  on 
the  final  results.  We  have  also  shown  that  neglecting  the 
experimental  values  of  the  NO  concentrations  at  higher 
pressures  (500  mTorr  and  up)  from  the  calculations  had 
negligible  effect  on  A1,  for  all  levels  and,  of  course,  this 
would  tend  to  confirm  our  conclusion  above  regarding 
diffusion.  If  the  quenching  terms  in  Eq.  (12)  are  dropped 
from  the  calculation,  the  resulting  values  of  k\  vary  by 
as  much  as  20i:c  for  most  levels  and  thus,  in  experiments 
involving  the  reaction  of  N(\S')  with  02,  the  quenching  of 
the  product  NO  by  02  cannot  be  neglected.  The  quench¬ 
ing  of  N O(r)  by  oxygen  atoms  can  have  similar  effect  on 
the  results.  Since  this  quenching  rate  is  not  available 
for  all  vibrational  levels,  the  effect  can  be  estimated  by 
assuming  the  rate  to  be  invariant  with  r  and  equal  to  that 
of  NOp  1)  +0-N0(i  =0)  +0,  which  has  recently  been 
measured  to  be  6.  5\  10"u  cm3  s.23  Assuming  single 
quantum  transitions,  calculation  yielded  the  following 
values  (m  10‘19  cm3  s)  for  A-}:  6).  80.  47.  38,  10.  and 
8  for  r  2  through  r  -7,  respectively.  Comparison 
with  values  in  Table  [I  shows  that  with  oxygen  atom 
quenching  included.  NO  formation  rate  constants  are  in¬ 
creased  and  increases  are  slightly  larger  for  higher 
vibrational  levels. 

Regarding  the  mechanism  responsible  for  formation  of 
NjO,  this  molecule  can  possibly  be  formed  in  the  stand¬ 
ard  kinetic  mechanism  of  Reaction  (5)  forming  NOz  which 
in  turn  reacts  with  N  to  form  N20  via  Reaction  (11).  The 
resulting  concentrations  of  N,0  calculated  based  upon  this 
mechanism  appear  to  be  a  factor  of  5  lower  than  the  ob¬ 
served  concentration  quoted  above  which  may  be  in  error 
anyway  (see  above). 

Finally,  to  summarize,  we  have  measured  the  vibra¬ 
tional  rate  constants  for  formation  of  NO  in  levels  >  -2 
through  i  7  in  N(S)  *0-NO  -O  reaction.  Unfortu¬ 
nately,  there  are  no  other  absolute  measurements  of 
these  rates  for  comparison  with  our  results.  We  have 
made  reasonably  sure  that  our  observations  indeed 
measured  emission  from  NO  formed  in  this  reaction  and 
that  spectral  contamination  was  eliminated.  Neverthe¬ 
less,  further  research  is  needed.  It  appears  that  mea¬ 
surement  of  these  rates  through  observation  of  the  NO 
fundamental  at  5.4  pm  would  be  very  illuminating  in  ad¬ 
dition  to  providing  rate  constants  for  ground  and  first 
vibrational  levels. 
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of  vibrational  level  r.  The  derived  values  of  the  vibra¬ 
tional  rate  constants  remain  the  same  to  within  a  few 
percent  when  the  initial  number  density  of  nitrogen  atoms 
,V„  is  allowed  to  vary  in  the  computational  program  by 
as  much  as  ±50‘b.  This  is  gratifying  and  shows  that  er¬ 
rors  in  determining  by  titration  have  no  effects  on 
the  final  results.  We  have  also  shown  that  neglecting  the 
experimental  values  of  the  NO  concentrations  at  higher 
pressures  (500  mTorr  and  up)  from  the  calculations  had 
negligible  effect  on  A1,  for  all  levels  and,  of  course,  this 
would  tend  to  confirm  our  conclusion  above  regarding 
diffusion.  If  the  quenching  terms  in  Eq.  (12)  are  dropped 
from  the  calculation,  the  resulting  values  of  k\  vary  by 
as  much  as  20i:c  for  most  levels  and  thus,  in  experiments 
involving  the  reaction  of  N(\S')  with  02,  the  quenching  of 
the  product  NO  by  02  cannot  be  neglected.  The  quench¬ 
ing  of  N O(r)  by  oxygen  atoms  can  have  similar  effect  on 
the  results.  Since  this  quenching  rate  is  not  available 
for  all  vibrational  levels,  the  effect  can  be  estimated  by 
assuming  the  rate  to  be  invariant  with  r  and  equal  to  that 
of  NOp  1)  +0-N0(i  =0)  +0,  which  has  recently  been 
measured  to  be  6.  5\  10"u  cm3  s.23  Assuming  single 
quantum  transitions,  calculation  yielded  the  following 
values  (m  10‘19  cm3  s)  for  A-}:  6).  80.  47.  38,  10.  and 
8  for  r  2  through  r  -7,  respectively.  Comparison 
with  values  in  Table  [I  shows  that  with  oxygen  atom 
quenching  included.  NO  formation  rate  constants  are  in¬ 
creased  and  increases  are  slightly  larger  for  higher 
vibrational  levels. 

Regarding  the  mechanism  responsible  for  formation  of 
NjO,  this  molecule  can  possibly  be  formed  in  the  stand¬ 
ard  kinetic  mechanism  of  Reaction  (5)  forming  NOz  which 
in  turn  reacts  with  N  to  form  N20  via  Reaction  (11).  The 
resulting  concentrations  of  N,0  calculated  based  upon  this 
mechanism  appear  to  be  a  factor  of  5  lower  than  the  ob¬ 
served  concentration  quoted  above  which  may  be  in  error 
anyway  (see  above). 

Finally,  to  summarize,  we  have  measured  the  vibra¬ 
tional  rate  constants  for  formation  of  NO  in  levels  >  -2 
through  i  7  in  N(S)  *0-NO  -O  reaction.  Unfortu¬ 
nately,  there  are  no  other  absolute  measurements  of 
these  rates  for  comparison  with  our  results.  We  have 
made  reasonably  sure  that  our  observations  indeed 
measured  emission  from  NO  formed  in  this  reaction  and 
that  spectral  contamination  was  eliminated.  Neverthe¬ 
less,  further  research  is  needed.  It  appears  that  mea¬ 
surement  of  these  rates  through  observation  of  the  NO 
fundamental  at  5.4  pm  would  be  very  illuminating  in  ad¬ 
dition  to  providing  rate  constants  for  ground  and  first 
vibrational  levels. 
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